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A B S T R A C T   

This study introduces a series of novel Alkyl thio-1,2,4-triazole (4a-p) and mercapto-1,2,4- 
triazole (3a-d) compounds derived from nalidixic acid. The synthesis was streamlined, 
involving interactions between nalidixic acid hydrazide and various isothiocyanates to yield 
cyclic and alkyl(aryl) sulfide compounds, characterized using 1H NMR, 13C NMR, IR, and 
elemental analysis. Antioxidant capabilities were quantified through DPPH and ABTS assays, 
highlighting significant potential, especially for compound 3d, which demonstrated an ABTS IC50 
value of 0.397 μM, on par with ascorbic acid (IC50 = 0.87 μM). Antibacterial efficacy was 
established through MIC assessments against a broad spectrum of Gram-positive and Gram- 
negative bacteria, including Candida albicans. Compounds 3b, 4e, 4h, 4j, 4i, 4m, and 4o 
showed broad-spectrum activity, with 4k and 4m exhibiting pronounced potency against E. coli. 
Molecular docking studies validated the antibacterial potential, with compounds 4f and 4h 
showing high binding affinities (docking scores of − 9.8 and − 9.6 kcal/mol, respectively), indi-
cating robust interactions with the bacterial enzyme targets. These scores underscore the com-
pounds’ mechanistic basis for their antibacterial action and support their therapeutic promise. 
Furthermore, compounds 3b, 4i, and 4m, identified through drug-likeness and toxicity pre-
dictions, were highlighted for their favorable profiles, suggesting their suitability for oral anti-
biotic therapies. This comprehensive study, blending synthetic, in vitro, and in silico approaches, 
emphasizes the triazole derivatives’ potential as future candidates for antibiotic and antioxidant 
applications, particularly spotlighting compounds 3b, 4i, and 4m due to their promising efficacy 
and safety profiles.  
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1. Introduction 

A recent literature survey has revealed that 1,2,4-triazoles and their fused heterocyclic derivatives demonstrate a broad range of 
biological activities. A large number of clinically significant medications now contain the 1,2,4-triazole core, including letrozole, 
anastrozole, and voriconazole (antifungal), as well as the antivirals posaconazole, ribavirin, rizatriptan, alprazolam, and trazodone 
[1–6]. 

The abundance of biological activities of 1,2,4-triazole derivatives, such as their antifungal [7,8], antitubercular [9], antioxidant 
[10], anticancer [11,12], anti-inflammatory [13], analgesic [14], antidiabetic [15], anticonvulsant [16], and anxiolytic activity [17], 
has recently piqued the interest of researchers. Triazole-based pharmacophores have supplanted the formerly common imidazole 
pharmacophore in systemically active azoles with regard to their antifungal activity because of lower toxicity, higher bioavailability, 
greater fungal cytochrome p450 selectivity, and a reduced effect on the production of human sterols [18]. 

The first synthetic quinolone derivative for the treatment of urinary tract infections, nalidixic acid (1,8-naphthyridine derivative), 
was introduced in 1963 [19]. It inhibits DNA synthesis and hastens bacterial mortality by promoting the breakdown of bacterial DNA 
in DNA gyrase enzyme complexes [20]. It is very resistant to most types of pseudomonas and extremely powerful against 
gram-negative bacteria, especially Escherichia coli [21,22]. By combining different pharmacophores into hybrid compounds, it is 
possible to produce medications with intriguing biological characteristics [21,22]. 

Because nalidixic acid causes a number of adverse effects, such as rash, itchy skin, blurred or double vision, light-halo effects, 
alterations in color vision, nausea, vomiting, and diarrhea. Additionally, nalidixic acid may result in hyperglycemia and seizures [23]. 

In silico methods like molecular docking and ADMET predictions are crucial in the early stages of drug discovery [24,25]. These 
computational approaches allow for quick and cost-effective screening of compounds, predicting how they might interact with targets 
(molecular docking) and their possible effects in the human body (ADMET profiles). This helps in identifying promising drug can-
didates by understanding their potential efficacy and safety before costly and time-consuming lab tests [24,25]. This study utilizes 
these techniques to advance the development of new triazole derivatives, demonstrating their value in finding effective treatments for 
antimicrobial and antioxidant needs more efficiently. 

The urgent need for new treatments against these challenges highlights the importance of focusing on the antimicrobial and 
antioxidant properties of triazole derivatives. Chosen for their potential to offer new therapeutic strategies, these compounds are 
evaluated for their ability to bypass existing resistance mechanisms, a critical aspect in the fight against antimicrobial resistance 
(AMR). The selection of targets for molecular docking, based on their roles in AMR, aims to identify compounds capable of effectively 
interfering with these pathways [26]. This strategic approach, supported by recent findings, suggests that triazole derivatives could 
significantly contribute to developing new agents to combat AMR and oxidative stress, marking a significant step forward in addressing 
global health challenges [27]. 

This study aimed to synthesize novel mercapto- and alkylthio-1,2,4-triazole derivatives from nalidixic acid, assessing their po-
tential as promising antibacterial and antioxidant compounds. Our objectives included evaluating their antibacterial efficacy against 
gram-positive and gram-negative bacteria, determining their antioxidant activity via DPPH and ABTS assays, and understanding their 
molecular interactions and safety profiles through molecular docking and ADMET predictions. 

2. Experimental 

2.1. Materials and equipment 

Following the instructions in the literature, nalidixic acid hydrazides, 3a and 4a were produced [28,29], The experiment made use 
of readily accessible chemicals and solvents that were not further purified before use, including methanol, ethanol, DMSO, diethyl 
ether, chloroform, and nalidixic acid. Uncorrected melting points were found using an electrothermal-digital melting point equipment. 
Bruker 400 MHZ and 100 MHZ [1H NMR and 13C NMR] spectrometers were used to analyze the spectra in deuterated chloroform 
(CDCl3). Bruker’s alpha FTIR was used to record IR spectra. elemental analyses of the elements (C, H and N) were carried out on Euro 
EA elemental analyzer 300. 

2.1.1. General procedure for preparation of 2-(1-ethyl-7-methyl-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carbonyl)-N-methyl(aryl) 
hydrazine-1-carbothioamide 2 a-d [12,24] 

A dropwise addition of alkyl or aryl isothiocyanate RNCS (0.0143 mol) was added to a 3 g, 0.0155 mol solution of nalidixic acid 
hydrazide 1 in 50 mL of ethanol. The mixture was stirred at room temperature for around 24 h. Filtration was used to remove the 
resulting white precipitate or yellow precipitate from the methanol solution. 

2.1.2. General procedure for preparation of 1-ethyl-3-(5-mercapto-4-methyl(aryl)-4H-1,2,4-triazol-3-yl)-7-methyl-1,8-naphthyridin-4(1H)- 
one 3a-d [12,24] 

Compound 2a-d (0.0013 mol) was heated for almost 6 h at reflux in a solution of aqueous potassium hydroxide (0.0143 mol). 
Hydrochloric acid (HCl) was used to acidify the solution once, Filtration was used to get the white precipitate, which was then 
recrystallized from ethanol. 
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2.1.3. General procedure for the preparation of 1-ethyl-3-(5-(ethyl(substitutedbenzyl)thio)-4-methyl(aryl)-4H-1,2,4-triazol-3-yl)-7-methyl- 
1,8-naphthyridin-4(1H)-one 4a-p [12,24] 

Potassium hydroxide (0.0143 mol), compound 3a-d (0.013 mol), ethanol (10 mL), and alkyl halide R’X (0.013 mol) were heated 
over reflux for approximately 4 h. Water was added after the solution had cooled, which led to the formation of a precipitate and the 
recrystallization of the chloroform/ether. 

2.2. Evaluation of antioxidant activity 

Compounds 3a-d were assessed for their antioxidant capacities using the DPPH and ABTS radical scavenging assays according to 
the procedures specified in the literature [30,31], with minor adjustments. All trials were performed in triplicate. 

2.2.1. DPPH radical scavenging assay 
DPPH (100 μM) and various concentrations of each tested compound (10 μM, 20 μM, 75 μM, 150 μM, and 600 μM) were prepared in 

DMSO 2 mL of each concentration was combined with 2 mL of the DPPH solution, and the resulting mixtures were incubated in 
darkness for 30 min. Following the incubation period, the absorbance of each solution was measured at a wavelength of 517 nm. 

The inhibition percentage (I%) values were calculated using equation (1). 

I%=

(
AB − AS

AB

)

× 100% (1)  

Where AS is the absorbance in the presence of the sample and AB is the absorbance of the blank. 

2.2.2. ABTS radical scavenging assay 
A solution of potassium persulfate (2.5 mM) was combined with ABTS (7.5 mM), leading to the generation of the ABTS•+ radical 

cation. This mixture was then left overnight at 4 ◦C, protected from light exposure. Five different concentrations of each tested 
compound (10 μM, 20 μM, 75 μM, 150 μM, and 600 μM) were prepared, The ABTS•+ solution was first diluted to achieve an absorbance 
of 0.75 at 734 nm. Next, 1 mL of each concentration of the tested compounds and 3 mL of the ABTS•+ solutions were mixed, and the 
resulting solutions were left to stand for 10 min. After that, the absorbance of each solution was measured at 734 nm. 

The inhibition percentage (I%) values were calculated using equation (2). 

I%=

(
AB − AS

AB

)

× 100% (2)  

Where AS is the absorbance in the presence of the sample and AB is the absorbance of the blank. 

2.3. General procedure for the antimicrobial activity 

Isolates of bacteria and Candida albicans were acquired from Yarmouk University’s Central Laboratories for this study. The 
methicillin-resistant Staphylococcus aureus, Salmonella enteritidis, Enterococcus faecalis, Proteus mirabilis, Escherichia coli, and Klebsiella 
pneumonia clinical isolates were cultured in Muller Broth media for 24 h at 37 ◦C. Candida albicans was cultured on Sabouraud dextrose 
agar (SDA). By determining the minimal inhibitory concentration (MIC, g/mL) using the Hannan-described micro-broth dilution 
method, the biological activity of the substances was ascertained [32]. The chemicals’ DMSO stock solutions were created in accor-
dance with CLSI recommendations [33]. Standard sterile 96-well flat bottom micro-titer plates were used for the in vitro MIC. Each row 
of the layout included positive and negative control wells and spanned a concentration range of the individual chemicals under 
research from 500 to 0.5 g/mL 40 mL of the chosen compounds were added to each well at the proper concentration, and 40 mL of 
DMSO solvent was added to the control well. The next step was to add 150 mL of Muller Hinton media and 10 mL of the bacterial 
culture standardized using 0.5 McFarland turbidity standards to each well. 

About 5.0 × 107 CFU/mL of bacteria were present in the inoculum at the end. Plates were sealed and incubated for 24 h at 37 ◦C in 
an atmosphere. With the aid of an ELIZA UV–vis spectrometer, microtiter plates were read. The MIC was determined to be the lowest 
concentration that had an optical density lower than the control. 

2.4. Molecular docking 

2.4.1. Protein structure preparation 
Protein targets for further analysis were selected, including E. faecalis FabH (PDB ID: 3IL5) complexed with the ligand 2-((4-bromo 

3[(diethylamino)sulfonyl]benzoyl)amino)benzoic acid [34], S. aureus FtsA protein (PDB ID: 3WQT) [35], KPC-2 beta-lactamase bound 
to hydrolyzed cefotaxime (PDB ID: 5UJ3) [36], and E. coli beta-Glucuronidase (PDB ID: 4JHZ) bound with a potent inhibitor termed as 
2-[4-(1,3-benzodioxol-5-ylmethyl)piperazin-1 -yl]-N^[(ls,2S,SS)-Z,S dimethoxycyclohexyl]acetamide [37]. These structures were ac-
quired from the Protein Data Bank [38] in PDB format on September 8th, 2023. Each complex’s co-crystalized ligand was used as a 
reference drug for comparative purposes. The selection of protein targets for further analysis was based on their potential roles in 
resistance and pathogenic survival. 

To facilitate molecular docking studies, the 3D structures of the protein targets underwent preprocessing procedures. Heteroatoms 
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and non-essential water molecules were removed using Biovia Discovery Studio Visualizer [39]. The resulting structures were saved in 
PDB format. Additionally, any missing amino acids in the target structures were integrated using the YASARA web-server tool [40–42]. 
Titratable amino acid groups’ ionization states at pH 7.0 were calculated through the use of H++ web-server tool [41–43]. Finally, 
AutoDock Tools version 1.5.6 tools transformed these outputs into PDBQT format by adding polar hydrogen atoms and Kollman 
charges [44]. 

2.4.2. Ligand preparation 
The tested compounds (3b, 4f, 4h, 4i, 4j, 4k, 4m, 4n and 4o) were drawn using the ChemDraw JS web page (https:// 

chemdrawdirect.perkinelmer.cloud/js/sample/index.html, accessed on September 10, 2023) and saved in the structural data file 
format. To achieve optimal stability for each ligand conformation, energy minimization was performed by applying the Universal 
Force Field (UFF) with a Conjugate Gradient (CG) optimization algorithm consisting of 1000 steps. The open-source Babel software 
was utilized for this optimization process and resulted in structures being saved in PDB format. Following that step with AutoDock 
tools version1.5.6., Gasteiger charges were incorporated into the ligands which allowed them to be uploaded as PDBQT files ready for 
molecular docking simulations. 

2.4.3. Molecular docking preparation 
Molecular docking analyses were conducted to assess the binding mode pattern, binding conformation, and various types of in-

teractions between the active derivatives and the active site in proteins. The AutoDock 4.2 Release 4.2.6 program was applied for these 
docking calculations [45]. To optimize the binding poses of compounds, a Lamarckian genetic algorithm was employed while keeping 
ligands flexible and macromolecules rigid. The grid box size used for all proteins encompassed dimensions of 40 × 40 × 40 along the X, 
Y, and Z axes. Coordinates for the active binding sites during dockings were determined based on potential ligand-binding domain 
regions extracted from available crystal structures obtained through research efforts. To ensure consistent calculations, the maximum 
number of evaluations was set to 25,000,000 and the number of runs was adjusted to 100. All other parameters were kept at their 
default values. The binding energies and properties of various compounds were analyzed after docking in order to assess their potential 
as therapeutic agents. To validate the accuracy of our molecular docking simulations, we implemented a redocking procedure. This 
method entails removing the co-crystallized ligand from its complex with the target protein and repositioning it into the active site. The 
effectiveness of the docking software was verified by comparing the orientation of the ligand before and after redocking. An essential 
part of this validation involves calculating the Root Mean Square Deviation (RMSD) between the two ligand positions. An RMSD value 
below 2 Å is deemed acceptable [41,46–48], indicating a minimal deviation between the predicted and actual ligand configurations. 
This criterion ensures our docking approach can reliably replicate known ligand interactions, thereby enhancing the credibility of our 
simulation outcomes. Molecular interactions between ligands and proteins were visualized and analyzed in both 2D and 3D using 
BIOVIA Discovery Studio Visualizer. 

In addressing the conformational flexibility of the compounds under investigation, our study utilized AutoDock 4.2 software, 
employing the Lamarckian genetic algorithm for conformational search and docking simulations. This approach allowed for a 
comprehensive exploration of potential conformations by generating a diverse set of possible structures for each compound. The 
conformational search was performed considering different environmental contexts (such as in solvent and vacuum) to approximate 
various physiological conditions [49]. Special attention was given to the energy penalties associated with transitions from the most 
stable conformer to energetically less stable ones. We recognized that the energy cost of conformational changes could be mitigated by 
the favorable interactions within the protein’s active site, potentially enhancing binding affinity. The selection process for the con-
formers used in the docking studies was thus informed by this balance, ensuring that the impact of conformational diversity on the 
binding process was accurately accounted for. This meticulous approach aims to reflect the true dynamic nature of the molecular 
interactions and their critical role in determining the biological activity of the investigated compounds. 

2.5. ADMET prediction 

In this investigation, we utilized computational tools analysis likely SwissADME [50] and AdmetSAR 2.0 [51] online webservers 
tools for the prediction of ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) properties. This enabled us to assess 
the potential suitability of various compounds (3b, 4f, 4h, 4i, 4j, 4k, 4m, 4n, and 4o) as prospective candidates for drug development. 
The selection of specific ADMET properties was based on their well-established significance in relation to oral bioavailability including 
factors such as oral absorption rate and blood-brain barrier penetration capacity. We employed amoxicillin, a commercially available 
antibacterial agent that has undergone clinical use, to serve as a reference compound during our analysis. 

To utilize SwissADME and AdmetSAR 2.0, the procedure involved uploading the compounds of interest in SMILES format to the 
web server, selecting the desired ADMET properties for prediction, and retrieving predicted values with corresponding confidence 
levels. The predictions were generated through various algorithms and models offered by SwissADME and AdmetSAR 2.0 such as 
multiple linear regression, decision trees, and artificial neural networks. In addition, to verify the accuracy of the predictions, we 
examined how well the anticipated ADMET properties of the compounds being tested aligned with known values for amoxicillin. 
Furthermore, a computational analysis was conducted on toxicity and drug-like characteristics using AdmetSAR 2.0. These predicted 
outcomes were then utilized to assess these particular compounds as potential lead candidates and identify any areas that may require 
further improvement in their composition. 
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3. Results and discussions 

3.1. Synthesis and characterization 

The synthetic route of Alkyl thio-1,2,4-triazole 4a-p and mercapto-1,2,4-triazole 3a-d from nalidixic acid hydrazide is summarized 
in Fig. 1. All characteristic data for the newly synthesized compound 3a-d and 4a-p are presented in Table 1 and Table S1. 

Components 3a-d through d’s 1H NMR spectra revealed a singlet at 14.74–11.53 ppm that matched the SH proton. Aromatic 
protons were identified as the source of signals in the range 8.93–7.05 ppm. Other substituent protons, such as those from ethyl and 
methyl groups, resonate in the predicted places. The compounds 3a-d 13C NMR spectra support the proposed structures. Signals in the 
148.3–169.1 ppm range are attributed to the triazole moiety’s C-3 and C-5, while those in the 127.6–129.8 ppm range are attributed to 
the N–C in the aryl group. The resonant sites of the methyl and ethyl substituents were as expected. Compounds 3a-d infrared’s spectra 
exhibit moderate absorption bands at 1619–1627 cm− 1 for the (C––O) functional group, 1440–1499 cm− 1 for the (C––N) functional 
group, and 1254–1289 cm− 1 for the (C–N) bond. 

Compounds 4a-p 1H NMR’s spectra revealed a singlet at 4.38–4.91 ppm that corresponds to the –SCH2- protons. Aromatic protons 
were given credit for the signals in the range of 8.65 ppm to 6.95 ppm. The compounds 4a-p 13C NMR’s spectra are consistent with the 
postulated structures. The triazole moiety’s C-3 and C-5 signals have a range of 150.0–153.4 ppm. SCH2 carbons is allocated to signals 
in the ppm range of 26.8 ppm–41.3 ppm. At the anticipated chemical changes, other carbons resonant. Organic compounds 4a–p 
infrared p’s spectra exhibit moderate absorption bands in the ranges of 1681–1630 cm− 1 for the (C––O) functional group, 1426–1507 
cm− 1 for the (C––N) group, and 1340–1372 cm− 1 for the (C–N) bond. 

3.2. Determination of antioxidant activities of the newly synthesized compounds 

Free radicals, which are a byproduct of oxidation events, can start a chain reaction. It is commonly known that a cell’s damage or 
death can result from a free radical chain reaction. Antioxidants inhibit these chain reactions and limit further oxidative processes 
through eliminating the free radical intermediates [52–55]. Antioxidants are in charge of organisms’ defense mechanisms against 
diseases brought on by the onslaught of free radicals. Utilizing DPPH radical and ABTS tests, the antioxidant properties of some 
recently synthesized compounds, specifically 3a-d and 4a-p, were investigated. Spectrophotometric techniques were used to monitor 
the reaction. Few substances demonstrated strong antioxidant action. 

None of the compounds 4a–p showed any appreciable scavenging ability. The results demonstrated that the ineffectiveness of 
compounds (4a-p negligible) in neutralizing free radicals was due to their inability to release hydrogen atoms or electrons for the 
radicals. The (SH) group found in the structures of compounds 3a–d may have contributed to the compounds’ noticeably stronger 
hydrogen or electron donating properties. Notably, even at low concentrations, the antioxidant potential could be seen (10 μM, 20 μM, 
75 μM, 150 μM and 600 μM). 

Fig. 1. Synthesis routs of 1-ethyl-7-methyl-3-(5-mercapto-4-subtituted-4H-1,2,4-triazol-3-yl)- 1,8-naphthyridin-4(1H)-one 3a-d and 1-ethyl-7- 
methyl-3-(5-substitutedthio-4-substituted-4H-1,2,4-triazol-3-yl)-1,8-naphthyridin-4(1H)-one 4a-p. 
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3.2.1. DPPH radical scavenging activity: 2, 2-diphenyl-1-picrylhydrazyl radical 
By using the DPPH method, the inhibitory effects of compounds 3a-d and 4a-p on free radicals were examined, and the results were 

compared to ascorbic acid. By measuring the reduction in DPPH absorbance at = 517 nm, the values of scavenging activity of the 
synthesized compounds 3a-d and 4a-p at concentrations (10 μM, 20 μM, 75 μM, 150 μM, and 600 μM) were calculated. Table 2 and 
Fig. 2 present the outcomes derived from the assessment of compounds 3a-d using the DPPH scavenging activity method. The out-
comes demonstrate that the scavenging activity is reliant on the concentration of the compounds. Notably, at the highest concentration 
(600 μM), compound 3b exhibited the most substantial inhibition percentage (78.2%), followed by compound 3c (74.3%), compound 
3d (55.6%), and finally, compound 3a (52.7%). However, it is noteworthy that ascorbic acid displayed superior scavenging activity 
compared to all compounds across all concentrations. According to the IC50 values presented in Table 2, compound 3b had the lowest 
IC50 (48.7), meaning that it has the highest antioxidant activity, followed by compound 3c (240), compound 3d (406), and compound 
3a (700). The outcomes demonstrated that the concentration-dependent DPPH radical scavenging activities. As a result, the tested 
compounds’ scavenging activity increased with increasing concentrations. 

3.2.2. Scavenging activity of ABTS radical 
The results obtained from ABTS scavenging activity of compounds 3a-d are shown in Table 2 and Fig. 2. The results show that the 

scavenging activity was concentration-dependent. At the highest concentration (600 μM), compound 3d had the highest inhibition 
percentage (99.14%), followed by compound 3c (98.19%), compound 20a (92.19%), compound 3a (96.97%), and lastly compound 3b 
(95.78%). However, compound 3d exhibited scavenging activity as similar as ascorbic acid but a higher scavenging activity than all 
the compounds at all concentrations. The compounds antioxidant activities are compared based on their IC50 value; lower IC50 value 
implies higher scavenging activity. Based on the data in Table 2, compound 3d had the highest scavenging activity with IC50 value of 
(0.397), then compound 3a (3.96), compound 3c (7.43), and compound 3b (15.93). 

3.3. Antimicrobial activity 

Compounds 3a-d and 4a-p’s minimum inhibitory concentrations (MIC) against Gram-negative and Gram-positive bacteria were 

Table 1 
Molecular formula and M. Mass(g/mole), melting points, colors, yields and elemental analysis of compounds 3(a–d) and 4(a–p).  

Compound No. Formula & 
M. mass (g/mol) 

Yield % M.p (oC) Color Elemental analysis % 

Calculated Found 

C H N C H N 

3a C14H15N5OS (301.37) 85.7 305–309 Yellow 55.80 5.02 23.24 55.72 4.91 23.17 
3b C19H17N5OS (363.44) 81.0 313–318 White 62.79 4.71 19.27 62.71 4.68 19.14 
3c C20H19N5OS (377.47) 94.7 310–314 White 63.64 5.07 18.55 63.57 4.97 18.51 
3d C19H16FN5OS (381.11) 89.8 266–269 White 59.83 4.23 18.36 59.79 4.17 18.31 
4a C22H23N5OS (405.52) 55 188–191 Yellow 65.16 5.72 17.27 65.05 5.62 17.15 
4b C21H20FN5OS (409.48) 31.9 195–200 yellow 61.60 4.92 17.10 61.54 4.87 17.03 
4c C22H20BrN5O2S (498.40) 52.2 220–223 white 53.02 4.04 14.05 52.98 4.01 16.99 
4d C16H19N5OS (329.42) 27.3 192–194 yellow 58.34 5.81 21.26 58.29 5.77 21.19 
4e C21H20N6O3S (436.49) 39.6 229–234 Brown 57.79 4.62 19.25 57.73 4.58 21.17 
4f C27H25N5OS (467.59) 21.40 219–223 White 69.35 5.39 14.98 69.31 5.37 14.96 
4g C26H22FN5OS (471.55) 67.5 209–211 yellow 66.22 4.70 14.85 66.18 4.65 14.80 
4h C27H22BrN5O2S (560.47) 67.5 100–105 yellow 57.86 3.96 12.50 57.81 3.92 12.47 
4i C21H21N5OS (391.49) 62.8 223–228 white 64.43 5.41 17.89 64.38 5.37 17.85 
4j C26H22N6O3S (498.56). 45.5 166–170 yellow 62.64 4.45 16.86 62.59 4.41 16.85 
4k C28H27N5OS (481.62) 52.9 177–180 white 69.83 5.65 14.54 69.78 5.63 14.51 
4l C27H24FN5OS (485.58) 70.0 201–203 white 66.79 4.98 14.42 66.74 4.97 14.38 
4m C22H23N5OS (405.52) 69.7 174–178 light yellow 65.16 5.72 17.27 65.11 5.69 17.25 
4n C27H24FN5OS (485.58) 27.5 212–217 light yellow 66.79 4.98 14.40 66.76 4.96 14.37 
4o C26H21F2N5OS (489.54) 41.2 182–187 yellow 63.79 4.32 14.31 63.75 4.28 14.27 
4p C21H20FN5OS (409.48) 55.8 116–120 white 61.60 4.92 17.10 61.56 4.88 17.07 

M.p = melting point; M. mass = Molar mass. 

Table 2 
Inhibition percentage (I%) and IC50 of DPPH and ABTS radicals of compounds 3a-d, and the control ascorbic acid.  

Conc. 
Comd. 

DPPH ABTS 

10 μM 20 μM 75 μM 150 μM 600 μM IC50 10 μM 20 μM 75 μM 150 μM 600 μM IC50 

3a 10.95 15.87 22.38 32.5 52.6 700 54.55 70.62 78.33 87.97 96.97 3.96 
3b 30.95 39.04 49.57 71.63 78.22 48.7 33.8 59.81 76.88 87.74 95.78 15.93 
3c 10.7 14.99 25.55 31.88 74.6 240 46.43 63.05 90.51 95.93 98.19 7.43 
3d 4.93 11.33 27.08 37.97 55.56 406 68.87 80.34 95.55 97.85 99.14 0.397 
Ascorbic acid 37.89 69.72 94.89 95.49 96.39 7.97 60.34 83.99 96.23 98.87 99.1 0.87  
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identified. A positive control was amoxicillin. Compounds 4a, 4g, 4i, and 4k were inactive against Enterococcus, whereas other 
compounds with MICs in the range of 16–32 g/mL were moderately active against Enterococcus. The synthesized compounds 3b, 4f, 
4h, 4j, and 4o were moderately effective against some Gram-positive bacteria (Enterococcus). Other synthesized compounds with MICs 
of 32–64 g/mL were only moderately effective against Staphylococcus aureus, whereas compound 4n was effective. Except for 4e and 
4f, all newly created compounds were revealed to be moderately active against Methicillin Resistant Staphylococcus aureus with MICs 
in the range of 128–256 g/mL, which were discovered to be inactive against Methicillin Resistant Staphylococcus aureus as shown in 

Fig. 2. DPPH and ABTS radical scavenging percentage at various concentrations of compounds (3a-d) at room temperature (30 min for DPPH and 
10 min for ABTS). 

Table 3 
MIC of compounds 3a-d and 4a-p against gram-negative and gram-positive bacteria.  

Extract ID Gram positive Gram negative 

Comd No. MRSA MIC μg/ 
mL 

En MIC 
μg/ 
mL 

Sa MIC μg/ 
mL 

K MIC 
μg/ 
mL 

Se MIC μg/ 
mL 

E. coli MIC μg/ 
mL 

3a þþ 256 þþ 32 N N þþ 128 þþ 64 þþ 128 
3b þþ 256 þþþ 16 þþ 64 þþ 128 þþ 64 þþ 128 
3c þþ 256 þþ 64 þþ 64 þþ 128 þþ 128 N N 
3d þþ 256 þþ 32 þþ 64 þþ 128 þþ 128 N N 
4a þþ 256 N N þþ 32 þþ 128 þþ 128 þþ 128 
4b þþ 256 þþ 32 þþ 32 þþ 128 þþ 128 N N 
4c þþ 128 þþ 32 þþ 32 þþ 128 þþ 128 N N 
4d þþ 128 þþ 32 N N þþ 128 þþ 128 þþ 128 
4e N N þþ 32 þþ 64 þþ 128 þþ 128 N 128 
4f N N þþþ 16 þþ 64 þþ 128 þþ 128 N N 
4g þþ 128 N N þþ 64 N N þþ 128 þþ 128 
4h þþ 128 þþþ 16 þþ 64 þþ 128 þþ 128 þþ 128 
4i þþ 128 N N þþ 64 þþþ 16 þþ 128 þþ 128 
4j þþ 128 þþþ 16 þþ 64 þþ 128 þþ 128 N N 
4k þþ 128 N N þþ 64 þþþ 16 þþ 128 þþþþ 8 
4l þþ 128 þþ 32 þþ 64 N N þþ 128 þþ 128 
4m þþ 128 þþ 32 þþ 64 þþþ 16 þþ 128 þþ 128 
4n þþ 128 þþ 32 þþþ 16 þþþ 16 þþ 128 þþþþ 8 
4o þþ 128 þþþ 16 þþ 64 þþ 128 þþ 128 þþþ 16 
4p þþ 128 þþ 32 þþ 64 þþ 128 þþ 128 þþ 128 
DMSO 

-ve control 
N N N N N N N N N N N N 

Amoxicillin 
þve 
control 

þþþ 16 þþþ 16 þþþ 16 þþþ 16 þþþ 16 þþþ 32 

Se=Salmonella enteritidis; Sa = Staphylococcus aureus; MRSA = Methicillin-resistant Staphylococcus aureus. Ec = Escherichia coli, Pm=Proteus 
mirabilis, En = Enterococcus faecalis, K=Klebsiella pneumonia; N, not detected, DMSO is a negative control, Amoxicillin is a positive control Key to 
interpretation: >16 mm (+++++): very active. 10–15 mm (+++): active; less active; 6–10 mm (++): moderately active; 1–5 mm (+): inactive; (N): 
No inhibition zone. 
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Table 3. 
While 4o shown less activity, compounds 4k and 4n were quite effective against Gram-negative bacteria like E. Coli. Other sub-

stances were discovered to have just fair effectiveness against E. Coli. The compounds 3c, 3d, 4b, 4c, 4e, 4f, and 4j have a moderate to 
high efficacy against E. Coli, the current results are better than that reported in literature [56] with MICs between 8 and 128 g/mL. 
Compounds 4i, 4k, 4m, and 4n were effective against klebsiella pneumoniae, while other compounds were somewhat effective, with the 
exception of 4f and 4i, which had an inactive MIC in the range of 16–128 g/mL. The study findings are similar to that reported [57,58]. 
With MICs between 64 and 128 g/mL, all the new compounds showed promising moderately antibacterial activities which are better 
than many reported works [57,58]. 

3.4. Molecular docking simulations 

In the endeavor to develop and design novel antibacterial agents, molecular docking assumes a pivotal role as a methodological 
cornerstone [59]. It enables the elucidation of the intricate binding interactions between synthesized compounds and their respective 
target proteins, thereby furnishing valuable insights into their binding affinities [25,60]. In this study, we conducted a series of 
molecular docking simulations to investigate the binding profiles of the most potent antibacterial compounds against both 
gram-positive strains (3b, 4f, 4h, 4j, 4n, and 4o) and gram-negative strains (4i, 4k, 4n, and 4o). These simulations were performed 
within the active binding sites of the respective bacterial proteins, allowing us the opportunity to determine the binding mode pattern, 
binding conformation, and different types of interaction of the active derivatives with the active site in proteins. Based on the observed 
biological activity, none of the synthesized compounds exhibited minimum inhibitory concentrations against Methicillin-resistant 
Staphylococcus aureus (MRSA) of the Gram-positive type or Salmonella enteritidis (Se) of the Gram-negative type. Therefore, this 
study proceeded to conduct molecular docking simulations to investigate the potential of the synthesized compounds against other 
bacterial strains. Specifically, the study focused on the main proteins or enzymes associated with Enterococcus faecalis, Staphylococcus 
aureus, Klebsiella pneumonia, and E. coli. The ensuing sections elaborate on these docking results. 

3.4.1. Molecular docking with Enterococcus faecalis (E. faecalis) 
In the pursuit of discovering antibacterial therapies against E. faecalis, the specific focus was directed toward the FabH (β-ketoacyl- 

acyl carrier protein synthase III) enzyme. FabH, a unique bacterial enzyme, plays a crucial role in initiating fatty acid biosynthesis [34, 
61]. Inhibition of FabH may directly lead to the disruption of bacterial fatty acid synthesis, thereby inhibiting the growth and survival 
of pathogenic bacteria [62]. The aim of the present study was to investigate the binding patterns and affinities of compounds 3b, 4f, 
4h, 4j, and 4o when interacting with the FabH enzyme E. faecalis. The study was conducted to gain insight into the potential use of 
these compounds as inhibitors of the FabH enzyme, which is a promising target for the development of new antibiotics. For this 
purpose, the co-crystalized ligand (2-((4-bromo-3-[(diethylamino)sulfonyl] benzoyl)amino)benzoic acid) from the crystal structure 
(PDB ID:3IL5) [34] was used as a control in the docking experiments to compare and evaluate the binding affinity and interaction of 
potential inhibitors with the structure of E. faecalis FabH. 

To validate the docking process parameters, the co-crystallized ligand, 2-((4-bromo-3 [(diethylamino)sulfonyl]benzoyl)amino) 
benzoic acid, underwent re-docking into the active binding site of the E. faecalis FabH enzyme structure (PDB ID: 3IL5) using AutoDock 
4.2 software. The resulting RMSD value for the co-crystallized ligand was determined to be 1.61 Å (Fig. S1). This value falls well within 
the acceptable range for utilizing docking as a predictive tool for assessing the binding affinity of small molecules [41,46–48]. These 
findings not only affirm the reliability of the docking process parameters but also underscore the utility of docking as a robust tool for 
predicting the binding affinity of the tested compounds (3b, 4f, 4h, 4j, and 4o) against the FabH enzyme. 

Table 4 and Fig. 3(a–j) present a detailed overview of the binding energies and molecular interactions within the E. faecalis FabH 
enzyme’s active site, featuring compounds 3b, 4f, 4h, 4j, and 4o. Notably, these compounds demonstrated more negative binding 
energies than the control, indicating stronger interactions. The co-crystallized ligand, with a docking score of − 8.45 kcal/mol, formed 

Table 4 
Docking scores (*ΔGbind (kcal/mol)) and molecular interactions analysis between 3b, 4f, 4h, 4j, and 4o and the co-crystallized ligand 2-((4-bromo-3- 
[(diethylamino)sulfonyl]benzoyl)amino)benzoic acid within the active binding site of the E. faecalis FabH protein (3IL5.PDB) using AutoDock 4.2.  

Compounds *ΔGbind 
(kcal/mol) 

Hydrogen Bond Interactions Pi-Sigma Pi- 
Sulfur 

Hydrophobic Interaction 

Residues Distances (Å) 

3b − 9.36 ARG42 and 
ASN280 

3.07 and 2.91 LEU194 and ILE256 – LEU161, PHE162, ILE223, ALA227, 
and ALA252 

4f − 10.12 HIS250, ASN280, 
and ASN280 

2.56, 2.15, and 
2.19 

LEU194 MET218 ARG42, VAL86, ALA116, CYS117, 
PHE147, LEU161, and ALA252 

4h − 10.87 ARG42, ASN253, 
and ASN253 

3.02, 1.82, and 
2.48 

LEU161, MET218, 
ILE22, and ALA252 

– PHE162, LEU194, ARG221, ALA227, 
PHE312 

4j − 9.97 ARG42 and 
ASN253 

2.91 and 1.84 LEU161, MET218, and 
ALA252 

CYS117 LEU161, PHE162, LEU194, MET218, 
ALA252, and PHE312 

4o − 9.72 ARG42 and 
ASN253 

2.98 and 1.95 LEU161 and ALA252 CYS117 CYS117, PHE162, LEU194, ALA227, 
ALA252, and PHE312 

Co-crystalized 
ligand 

− 8.45 ARG42 and 
ASN280 

2.36 and 2.99 – CYS117 LEU161, ARG221, ILE223, PHE224, 
ALA227, ALA252, and PHE312  
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hydrogen bonds with ARG42 (2.36 Å) and ASN280 (2.99 Å), suggesting a tight and specific interaction that likely contributes to its 
strong binding affinity and robust inhibition of the enzyme’s activity. 

Compound 3b, showing a docking score of − 9.36 kcal/mol, formed hydrogen bonds with ARG42 (3.07 Å) and ASN280 (2.91 Å). 
The slightly longer distances, compared to the co-crystallized ligand, might influence the binding orientation and effectiveness, 
potentially leading to a distinct inhibition mechanism or altered enzyme specificity. 

Compound 4f, with the highest binding affinity at − 10.12 kcal/mol, established hydrogen bonds at distances of 2.56 Å (HIS250), 
2.15 Å, and 2.19 Å (ASN280). These optimal distances are indicative of efficient enzyme-ligand interactions, correlating with its high 

Fig. 3. 3D and 2D interactions of 3b (a & b), 4f (c & d), 4h (e & f), 4j (g & h), and 4o (i & j) within the active binding site of the E. faecalis FabH 
enzyme. These models were generated using the Discovery Studio visualizer. 
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inhibitory potency against the FabH enzyme. 
Compound 4h, displaying a docking score of − 10.87 kcal/mol, engaged in hydrogen bonds with ARG42 (3.02 Å) and ASN253 

(1.82 Å and 2.48 Å). The shorter bond with ASN253, in particular, suggests a strong and specific interaction that may contribute to its 
notable inhibitory activity, highlighting the role of precise molecular alignment in achieving effective enzyme inhibition. 

Compound 4j, with a docking score of − 9.97 kcal/mol, formed hydrogen bonds with ARG42 (2.91 Å) and ASN253 (1.84 Å), with 
the distances likely facilitating a stable interaction conducive to significant biological activity, particularly in disrupting the enzymatic 
function of FabH. 

Lastly, compound 4o, featuring a docking score of − 9.72 kcal/mol, established hydrogen bonds with ARG42 (2.98 Å) and ASN253 
(1.95 Å). These interactions, especially the closer engagement with ASN253, may underline its efficiency in binding to and inhibiting 
the FabH enzyme, emphasizing the critical role of hydrogen bonding in mediating biological outcomes. 

In general, this comprehensive analysis highlights the compelling binding affinities of all tested compounds (3b, 4f, 4h, 4j, and 4o) 
within the active binding site of the E. faecalis FabH enzyme. These interactions, encompassing hydrogen bonds, pi-sigma, pi-sulfur 
interactions, and hydrophobic contacts, collectively contribute to their binding stability. Notably, compounds 4f, 4h, 4j, and 4o 
display enhanced pi-sigma interactions, further accentuating their binding potential. These findings underscore the promising pros-
pects of these compounds as potential inhibitors against E. faecalis FabH, warranting further exploration for their therapeutic 
applications. 

3.4.2. Molecular docking with Staphylococcus aureus (S. aureus) 
Among all the synthesized compounds, only compound 4n exhibited a minimum inhibitory concentration (MIC) comparable to that 

of the control amoxicillin when evaluated against the gram-positive bacterium S. aureus, as outlined in Table 4. It is noteworthy that 
the FtsA protein holds a pivotal role in bacterial cell division by serving as the anchor for the FtsZ protein within the cytoplasmic 
membrane [35]. This study builds upon the foundational research conducted by James et al., in 2015, wherein the essentiality of the 
FtsA protein in S. aureus, contrasted with its nonessential status in higher organisms, was proposed [63]. The identification of proteins 
deemed essential in bacteria yet nonessential in higher organisms presents an enticing avenue for the development of innovative 
antibiotics [64]. To delve deeper into comprehending the mode of action and the degree of affinity associated with compound 4n, we 
conducted a molecular docking investigation. This test was specifically designed to explore the potential binding interactions of 
compound 4n within the active binding site of the FtsA protein in S. aureus. 

In the realm of structural biology, the determination of a protein’s crystal structure holds paramount importance for compre-
hending its functionality and potential interactions with other molecules. Attaining the three-dimensional arrangement of atoms 
within a protein provides researchers with valuable insights into its mechanism of action and enables the identification of potential 
targets for drug development. Nonetheless, there are instances where the availability of crystal structures for a specific protein remains 

Fig. 4. 3D and 2D interaction of 4n within the active binding site of FtsA protein in S. aureus.  
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Table 5 
Docking scores (*ΔGbind in kcal/mol) and a molecular interaction analysis were performed between 4i, 4k, 4m, and 4n and the co-crystallized ligand (cefotaxime) within the active binding site of the 
enzyme K. pneumoniae carbapenemase 2 (KPC-2) (PDB ID 5UJ3) using AutoDock 4.2.  

Compounds *ΔGbind (kcal/ 
mol) 

Hydrogen Bond Interactions Pi-Sigma Pi-Sulfur Pi- 
Cation 

Ionic bond Hydrophobic 
Interaction 

Residues Distances (Å) 

4i − 8.31 LYS73, SER130, and SER130 2.08, 2.11, and 2.11 – ASN132 and 
GLU166 

ARG220 – TRP105 

4k − 8.12 SER130 and ASN132 2.48 and 1.86 THR216 and 
THR237 

– – – TRP105 and LEU167 

4m − 10.67 SER70, LYS73, SER130, SER130, 
THR237 

1.96, 2.24, 2.30, 2.35, and 
3.09 

TRP105 ASN132 ARG220 – TRP105 and LEU167 

4n − 8.97 SER130, ASN132, and THR237 2.59, 2.71, and 2.31 THR216 and 
THR237 

TRP105 – – TRP105 and VAL240 

Co-crystalized 
ligand 

− 10.19 SER70, SER130, SER130, THR23, 
THR23, and THR237 

2.96, 3.06, 2.42, 2.68, 2.52, 
and 3.20 

– TRP105 – LYS73, ARG220, and 
LYS234 

TRP105  
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restricted. An illustrative case can be found in the protein FtsA sourced from S. aureus, for which only two crystal structures presently 
exist within the Protein Data Bank. These structures, bearing PDB codes 3WQT and 3WQU, offer resolutions of 2.2 Å and 2.8 Å, 
respectively. It is noteworthy, however, that neither of these crystal structures features a co-crystallized ligand within the active 
binding site. In light of this constraint and with the aim of delving deeper into the potential interactions of FtsA, the crystal structure 

Fig. 5. 3D and 2D interactions of 4i (a & b), 4k (c & d), 4m (e & f), and 4n (g & h) within the active binding site of the enzyme K. pneumoniae 
carbapenemase 2 (KPC-2). 
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boasting the highest resolution, namely 3WQT, was selected for meticulous examination in the context of this study. 
Compound 4n exhibits a remarkable affinity for the FtsA binding site, with a docking score of approximately − 9.98 kcal/mol, 

indicative of its strong potential as a protein inhibitor. This affinity is substantiated by an in-depth analysis of molecular interactions, 
as illustrated in Fig. 4, where compound 4n is shown to effectively occupy the active binding site. The formation of four hydrogen 
bonds with SER14 (1.99 Å), SER15 (1.96 Å), LYS17 (2.49 Å), and LYS254 (2.19 Å) suggests a precise and stable engagement with the 
FtsA protein. These distances are particularly telling of the compound’s ability to align closely with key active site residues, enhancing 
its inhibitory action. 

The pi-sigma interaction with GLY208 and the pi-cation interaction with LYS17 further contribute to the compound’s binding 
efficiency, allowing for additional specificity in its interaction with the protein. Moreover, the hydrophobic interactions with VAL211 
and GLY325, along with a pi-sulfur interaction involving TYR37, complement the hydrogen bonds by stabilizing the compound within 
the binding site and potentially affecting the protein’s conformational flexibility. 

These intricate molecular interactions highlight that compound 4n presents itself in an advantageous conformation and shows 
potential as an inhibitor for the FtsA protein. 

3.4.3. Molecular docking with Klebsiella pneumonia (K. pneumonia) 
K. pneumoniae is a significant multidrug-resistant pathogen that affects humans and is a major source of hospital infections asso-

ciated with high morbidity and mortality due to limited treatment options [65]. The pathogenicity of this microorganism is intricately 
linked to an ensemble of pivotal enzymes, among which the enzyme K. pneumoniae carbapenemase (KPC) especially KPC-2 hold 
particular prominence, given their recognized pivotal role in host cell invasion [66]. Consequently, the exploration of KPC-2 enzyme as 
prospective therapeutic targets holds promise in mitigating this pathogenic menace. 

Within the ambit of biological assays conducted, compounds 4i, 4k, 4m, and 4n exhibited noteworthy MIC values against 
K. pneumoniae. In light of these findings, this study endeavors to employ molecular docking simulations, to elucidate and predict the 
optimal binding poses of these compounds concerning their interactions with the KPC-2 enzyme of K. pneumoniae. This endeavor seeks 
to shed light on potential molecular interactions that could pave the way for innovative therapeutic interventions against this 
pathogen. 

In this research, we employed the crystal structure of KPC-2 beta-lactamase complexed with hydrolyzed cefotaxime (PDB ID: 5UJ3) 
as a model to investigate the interactions and binding mechanisms of compounds 4i, 4k, 4m, and 4n within the enzyme’s active 
binding site. Our primary objective was to enhance our comprehension of these binding modes by comparing them with the control 
ligand, cefotaxime, originally identified in the native crystal structure. 

In order to assess the performance and reliability of the docking process parameters, a thorough validation was conducted using 
AutoDock 4.2 software. The validation process involved the re-docking of the co-crystallized ligand, cefotaxime, into the active 
binding site of the enzyme K. pneumoniae e carbapenemase 2 (KPC-2) (PDB ID 5UJ3). This validation step was crucial in determining 
the accuracy and feasibility of using docking as a predictive tool for evaluating the binding affinity of small molecules. 

The re-docking process resulted in an RMSD value of 1.29 Å, indicating that the docked conformation of the ligand closely re-
sembles its native conformation in the crystal structure (Fig. S2). This RMSD value of 1.29 Å falls well within the acceptable range, as 
supported by previous literature. Previous studies have indicated that a successful docking process should yield an RMSD value of less 
than 2.0 Å when compared to the experimental crystal structure [42,46–48,67]. These findings not only validate the accuracy of 
AutoDock 4.2 as a suitable docking tool but also highlight the robustness of docking as a predictive method for assessing the binding 
affinity of tested compounds (4i, 4k, 4m, and 4n) against KPC-2. 

Table 5 details docking scores (*ΔGbind) and molecular interactions for compounds 4i, 4k, 4m, and 4n (Fig. 5(a–h)), alongside the 
co-crystallized ligand cefotaxime, within the K. pneumoniae carbapenemase 2 (KPC-2) active site (PDB ID 5UJ3), utilizing AutoDock 
4.2. Cefotaxime, the co-crystallized ligand, showcases a high binding affinity (*ΔGbind of − 10.19 kcal/mol), engaging in hydrogen 
bonds with SER70, SER130, and THR237, at distances between 2.42 Å and 3.20 Å, indicative of its strong interaction and potential for 
effective enzyme inhibition. 

Compound 4i, with a *ΔGbind of − 8.31 kcal/mol, forms hydrogen bonds at distances of 2.08 Å and 2.11 Å with LYS73 and SER130, 
suggesting a significant binding efficacy that could translate into notable inhibitory activity against KPC-2. The pi-sulfur and pi-cation 
interactions, particularly with ASN132 and ARG220, further signify its potential as a strong inhibitor by stabilizing the compound 
within the binding site. 

Compound 4k, displaying a *ΔGbind of − 8.12 kcal/mol, establishes hydrogen bonds with SER130 and ASN132 at 2.48 Å and 1.86 
Å, respectively. The absence of pi-sulfur or pi-cation interactions, contrasted with pi-sigma interactions with THR216 and THR237, 
points to a unique binding mode that may influence its inhibitory mechanism against KPC-2. 

Compound 4m, exhibiting a *ΔGbind of − 10.67 kcal/mol, forms hydrogen bonds across a range of 1.96 Å to 3.09 Å with SER70, 
LYS73, and SER130. These interactions, along with pi-sigma with TRP105 and pi-cation with ARG220, highlight its strong affinity and 
potential for effective inhibition, possibly exceeding that of cefotaxime due to its diversified interaction profile. 

Lastly, compound 4n displayed a strong binding affinity with a *ΔGbind of − 8.97 kcal/mol. It formed hydrogen bonds with 
SER130, ASN132, and THR237 at distances of 2.59 Å, 2.71 Å, and 2.31 Å, respectively. Additionally, 4n formed pi-sigma interactions 
with THR216 and THR237, pi-sulfur interactions with TRP105, and exhibited hydrophobic interactions with TRP105 and VAL240. 
Although it did not form ionic bonds or pi-cation interactions, these interactions collectively contributed to its stability within the 
binding site. 

In comparison to the co-crystallized ligand, all tested compounds (4i, 4k, 4m, and 4n) displayed robust binding affinities, as re-
flected in their negative *ΔGbind values. They formed hydrogen bonds with key residues and, in some cases, additional interactions 
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such as pi-sigma, pi-sulfur, pi-cation, and hydrophobic interactions. These findings underscore the potential of these compounds as 
inhibitors against the enzyme K. pneumoniae carbapenemase 2 (KPC-2), warranting further investigation for their therapeutic 
potential. 

3.4.4. Molecular docking with Escherichia coli (E. coli) 
E. coli, a Gram-negative bacterium known for its complex characteristics and resistance to drugs, has attracted significant attention 

in the field of science [68]. The enzyme β-glucuronidase plays a critical role in determining the viability of pathogenic E. coli by 
indicating inhibition of their survival mechanisms [69]. This versatile enzyme is involved in various metabolic processes within E. coli, 
breaking down sugar conjugates into glucuronides to produce ATP [69]. In addition to its metabolic functions, the activity of 
β-glucuronidase enables enterobacteria to thrive in carbohydrate-deficient environments like the urinary tract [70]. In light of recent 
investigations, there is an emerging theory connecting E. coli’s β-glucuronidase to the onset of colon cancer [71]. In consideration of 
this biological intricacy and its potential health implications, our study focuses on evaluating compounds 4k, 4n, and 4o. These 
compounds are subjected to thorough molecular docking analyses with the objective of identifying their affinity as inhibitors against 
this crucial enzyme. The motivation behind this undertaking stems from notable observations regarding their significant minimum 
inhibitory concentrations during in vitro studies (see Table 3), which presents a hopeful avenue for further investigation in the field of 
antimicrobial research. 

For this study, we chose to examine the structure of E. coli beta-Glucuronidase (PDB ID: 4JHZ) bound with a novel and potent 
inhibitor known as 2-[4-(1,3-benzodioxol-5-ylmethyl)piperazin-1-yl]-N-[(1S,2S,5S)-2,5-dimethoxycyclohexyl]acetamide from the 
protein data bank. Our aim was to conduct molecular docking investigations on tested compounds (4k, 4n, and 4o) using this target 
and compare their binding affinity and molecular interactions with those observed in the presence of the potent inhibitor (control). 

The re-docking procedure resulted in an RMSD value of 1.09 Å, suggesting that the docked pose of the ligand closely resembles its 
native conformation observed in the crystal structure. This value falls within the acceptable range, as documented in previous studies. 
Literature suggests that a successful docking process should generate an RMSD value lower than 2.0 Å when compared to the 
experimental crystal structure [42,46–48,67]. These findings not only validate AutoDock 4.2 as a reliable docking tool but also 
demonstrate the effectiveness of docking as a predictive method for evaluating the binding affinity of tested compounds (4k, 4n, and 
4o) against E. coli beta-Glucuronidase enzyme. 

The analysis of molecular docking scores (*ΔGbind in kcal/mol) and subsequent examination of molecular interactions for com-
pounds 4k, 4n, and 4o are presented in Table 6 and Fig. 6(a–f). These calculations were performed using AutoDock 4.2 to analyze the 
active binding site of E. coli beta-Glucuronidase (PDB ID: 4JHZ) with the co-crystallized ligand, namely 2-[4-(1,3-benzodioxol-5- 
ylmethyl)piperazin-1-yl]-N-[(1S,2S,5S)-2,5dimethoxycyclohexyl]acetamide. 

The co-crystallized ligand demonstrated a significant binding affinity (*ΔGbind of − 7.53 kcal/mol), primarily through a hydrogen 
bond with GLU413 (2.13 Å) as shown in Fig. S3. This interaction, alongside pi-sigma interactions with TYR472 and pi-anion bonds 
with ASP163, underlines a strategic engagement with the active site. The hydrophobic interactions with LEU361 and TYR472 
contribute to the ligand’s stability, suggesting a strong and specific inhibition mechanism. 

Compound 4k, with a *ΔGbind of − 8.69 kcal/mol, showcases an enhanced affinity, forming a hydrogen bond with LEU361 (2.34 
Å). The pi-sigma interactions with LEU361 and TYR472, coupled with an extensive network of hydrophobic interactions including 
PHE161 and TYR468, highlight its potential for effective binding and inhibition. The detailed interaction profile of 4k suggests a 
possibly more potent inhibitory effect against the target enzyme than the co-crystallized ligand, attributed to its diverse and robust 
interaction pattern. 

Turning our attention to compound 4n, it exhibited a strong binding affinity (*ΔGbind of − 8.92 kcal/mol), with ARG562 forming 
crucial hydrogen bonds (2.91 Å and 1.84 Å). The compound’s interaction is further enriched by hydrophobic bonds with PHE161 and 
LEU361, and pi-anion interactions with ASP163 and GLU413, enhancing its stability within the binding site. These interactions 
indicate a high potential for 4n to act as a potent inhibitor, with its diverse bonding possibly translating to significant biological 
activity. 

Table 6 
Docking scores (*ΔGbind (kcal/mol)) and molecular interactions analysis between 3k, 4n, and 4o and the co-crystallized ligand 2-[4-(1,3-benzo-
dioxol-5-ylmethyl)piperazin-1-yl]-N-[(1S,2S,5S)-2,5 dimethoxycyclohexyl]acetamide within the active binding site of the E. coli beta- 
Glucuronidase (4JHZ.PDB) using AutoDock 4.2.  

Compounds *ΔGbind (kcal/ 
mol) 

Hydrogen Bond 
Interactions 

Pi-Sigma Pi-Anion Hydrophobic Interaction 

Residues Distances 
(Å) 

4k − 8.69 LEU361 2.34 LEU361 and 
TYR472 

– PHE161, TYR468, TYR472, VAL473, and 
LEU561 

4n − 8.92 ARG562 2.91 and 
1.84 

– ASP163 and 
GLU413 

PHE161, LEU361, and VAL446 

4o − 7.98 ARG562 2.86 – ASP163 and 
GLU413 

PHE161 and LEU361 

Co-crystalized 
ligand 

− 7.53 GLU413 2.13 TYR472 ASP163 LEU361 and TYR472  

I. Mhaidat et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e28204

15

Lastly, compound 4o, displaying a *ΔGbind of − 7.98 kcal/mol, maintains hydrogen bonds with ARG562 (2.86 Å) and engages in 
similar hydrophobic and pi-anion interactions as 4n, with ASP163 and GLU413. This pattern of interactions, though slightly lesser in 
binding energy, suggests a comparable mechanism of action, underscoring the nuanced balance of interactions that contribute to 
binding affinity and potential inhibitory capacity. 

In comparison to the co-crystallized ligand, all tested compounds (4k, 4n, and 4o) presented compelling binding affinities with 
negative *ΔGbind values. These interactions encompassed hydrogen bonds, pi-sigma and pi-anion interactions, and hydrophobic 
bonds, collectively underscoring their potential as inhibitors against the E. coli beta-Glucuronidase. These findings hold promise for 
further exploration in antimicrobial research and therapeutic development. 

Fig. 6. 3D and 2D interactions of 4k (a & b), 4n (c & d), and 4o (e & f) within the active binding site of the enzyme E. coli beta-Glucuronidase.  
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3.5. ADMET prediction 

In the insightful depiction provided by Fig. 7, the ’boiled-egg’ plot offers a visual representation that predicts pharmacokinetic 
attributes [50], with a specific focus on compounds 3b, 4i, 4j, and 4 m. These compounds are strategically positioned within the yellow 
and white regions, indicative of their potential to penetrate the blood-brain barrier (BBB) and be absorbed in the human intestine 
(HIA), respectively. The graphical layout, where the x-axis represents the topological polar surface area (TPSA) and the y-axis reflects 
the lipophilicity (WLOGP), is crucial for evaluating drug-likeness and absorption profiles. Compounds within the yellow region are 
suggestive of higher BBB permeability, while the white space aligns with favorable HIA potential [72]. Notably, compounds 3b, 4i, 4j, 
and 4m comply with Lipinski’s rule of five, indicating a high likelihood of oral bioavailability, similar to the well-established oral drug, 
amoxicillin, with no apparent violations to detract from their potential for oral administration. 

Additionally, the plot differentiates compounds as either P-glycoprotein (Pgp) substrates or non-substrates, marked by Pgp+ and 
Pgp-labels, respectively. This distinction is pivotal for assessing clinical outcomes, as Pgp substrates might necessitate increased 
dosages or the use of Pgp inhibitors to attain effective central nervous system (CNS) concentrations, whereas non-substrates could 
benefit from better CNS retention [73]. 

Remarkably, these compounds (3b, 4i, 4j, and 4m) are designated as non-substrates of P-glycoprotein (Pgp-), highlighted on the 
plot with specific labels. This status as non-substrates presents a significant advantage for CNS retention, as they are likely not to be 
actively effluxed by Pgp, suggesting enhanced and sustained CNS exposure. This could translate into a reduced need for higher dosages 
or co-administration of Pgp inhibitors, potentially streamlining therapeutic regimens and minimizing drug-drug interactions for CNS 
treatments. 

However, it is imperative to approach these graphical predictions with due diligence, recognizing that the real-world clinical 
impact depends on corroborating these findings with experimental evidence. This includes permeability studies in Pgp-expressing 
cellular models and in vivo pharmacokinetic assessments to confirm the ability of these compounds to evade Pgp-mediated efflux 
[74]. The preliminary predictions offered by the ’boiled-egg’ plot are promising, yet they mark only the beginning of a comprehensive 
evaluation process. The therapeutic viability of these compounds must be further supported by detailed toxicological and efficacy 
evaluations. 

As we advance, the development of compounds with optimal pharmacokinetic properties for oral administration will rely on a 
holistic approach that seamlessly marries computational predictions with empirical data. The toxicity profiles for the selected com-
pounds (3b, 4i, 4j, and 4m) along with amoxicillin have been meticulously assessed using AdmetSAR 2.0, with the findings detailed in 
Table 7. This critical analysis will inform the next steps in their development, ensuring a thorough understanding of their safety and 
potential as oral therapeutic agents. 

Fig. 7. Pharmacokinetic profile egg-boiled shape model for 3b, 4f, 4h, 4i, 4j, 4k, 4m, 4n, 4o, and amoxicillin, generated using the SwissADME 
web server. 

Table 7 
Predicted the toxicity profiles of compounds (3b, 4i, 4j, and 4m) along with amoxicillin using AdmetSAR 2.0.  

Property Model NaPDBme Predicted Value 

3b 4i 4j 4 m Amoxicillin 

Toxicity H-HT (Human Hepatotoxicity) – – + – – 
AMES (Ames Mutagenicity) – – + – – 
Carcinogenicity – – – – – 

–ve values: Low affinity to be toxic [75,76]. + ve values: High affinity to be toxic [75,76]. 
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Table 7 provides a comprehensive insight into the predicted toxicity profiles of compounds 3b, 4i, 4j, and 4m, in comparison to the 
widely used antibiotic amoxicillin. The evaluation was performed using AdmetSAR 2.0, which offers a valuable assessment of potential 
adverse effects associated with these compounds. 

For human hepatotoxicity (H-HT), compounds 3b, 4i, and 4m show a promising safety profile, as they are predicted as non-toxic 
(− ). On the other hand, compound 4j, while indicating a potential risk (+), still remains within a manageable range. In terms of Ames 
Mutagenicity, compounds 3b, 4i, and 4m exhibit a non-mutagenic prediction (− ), further enhancing their safety profile. Conversely, 
compound 4j suggests a mutagenic potential (+), which warrants careful consideration. Regarding carcinogenicity, none of the tested 
compounds (3b, 4i, 4j, and 4m) show indications of carcinogenicity, as all are predicted as non-carcinogenic (− ). 

Notably, compounds 3b, 4i, and 4m emerge as promising candidates for further investigation and development. They not only 
exhibit favorable antibacterial activity, as indicated by their MIC values, but also demonstrate a safe toxicity profile, making them 
suitable for potential oral administration. These findings highlight the potential of compounds 3b, 4i, and 4m as lead compounds in the 
development of novel antibiotics with enhanced safety and efficacy profiles. 

4. Conclusion 

In this study, we synthesized a novel series of 1,2,4-triazole derivatives and substituted sulfide-4-triazole compounds inspired by 
nalidixic acid, which were subjected to thorough spectroscopic and elemental analyses. Our comparative analysis indicates that these 
compounds show promising efficacy against gram-positive bacteria, compared to the benchmark antibiotic, amoxicillin, though their 
effectiveness against gram-negative bacteria was less pronounced. Additionally, compounds 3a through d displayed significant 
antioxidant activity, suggesting their potential as dual-purpose therapeutic agents. The antibacterial efficacy observed aligns with 
other contemporary studies on triazole derivatives, reaffirming the utility of such compounds in the search for new antibiotics. 
However, the varied responses from gram-negative bacteria highlight the challenge of bacterial membrane permeability and the need 
for structural optimization in future research. Predictive toxicity assessments indicated that compounds 3b, 4i, and 4m possess safety 
profiles that support their potential for oral administration, aligning with the low toxicity findings from similar studies. This work’s 
integrated approach, combining synthetic chemistry, biological assays, and computational predictions, offers a comprehensive view of 
the therapeutic potential of these compounds. Despite these promising results, the study acknowledges its limitations, including the 
variable activity against gram-negative bacteria and the preliminary stage of the toxicity assessments. Future efforts will focus on 
modifying these compounds to broaden their antibacterial spectrum and conducting in vivo studies to better understand their phar-
macological properties. While the path to clinical application is complex and requires further investigation, we remain optimistic 
about the potential of these compounds to contribute to the ongoing battle against antibiotic resistance. 
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